Current theories are divided as to whether prospective memory (PM) involves primarily sustained processes such as strategic monitoring, or transient processes such as the retrieval of intentions from memory when a relevant cue is encountered. The current study examined the neural correlates of PM using a functional magnetic resonance imaging design that allows for the decomposition of brain activity into sustained and transient components. Performance of the PM task was primarily associated with sustained responses in a network including anterior prefrontal cortex (lateral Brodmann area 10), and these responses were dissociable from sustained responses associated with active maintenance in working memory. Additionally, the sustained responses in anterior prefrontal cortex correlated with faster response times for prospective responses. Prospective cues also elicited selective transient activity in a region of interest along the right middle temporal gyrus. The results support the conclusion that both sustained and transient processes contribute to efficient PM and provide novel constraints on the functional role of anterior PFC in higher-order cognition.
Introduction
Prospective memory (PM) involves the execution of an intended action at an appropriate time in the future. PM is critical to our day-to-day functioning, as it underlies a variety of real-world tasks such as remembering to pick up groceries on the way home from work, remembering to take medication prior to bed, or remembering to attach a document to an email before clicking the send button. Although the experimental study of PM is now a burgeoning field (McDaniel and Einstein 2007) , a number of issues regarding the nature of the processes supporting PM remain to be answered. For example, some investigators have argued that PM is related to working memory (WM) and sustained attention in that it may require both the active maintenance of goal-related information and strategic monitoring of the environment for prospective cues (Burgess et al. 2001; Smith 2003) . In contrast, other investigators have demonstrated that prospective remembering can be relatively spontaneous or automatic (McDaniel and Einstein 2000; Einstein et al. 2005 ). The present study utilized functional magnetic resonance imaging (fMRI) to examine the neural correlates of processes associated with PM. We focused on three questions motivated by previous research: 1) Is PM associated with sustained neural activity associated with strategic monitoring or transient neural activity associated with intention retrieval? 2) Do common or distinct neural networks support sustained processing in PM and WM? and 3) Do common or distinct neural networks support target detection in PM tasks and sustained attention tasks (e.g., oddball tasks)?
A number of investigators have suggested that PM depends on the engagement of strategic monitoring processes that facilitate the detection of prospective cues (i.e., stimuli that prompt the execution of an intended action; Burgess et al. 2001; Guynn 2003; Smith 2003) . A behavioral signature of strategic monitoring is the slowing of response time (RT) to an ongoing task when a PM component is added to the task (termed the prospective interference effect: Marsh et al. 2003; Smith 2003) . Existing evidence indicates that the prospective interference effect is observed with a variety of ongoing activities and prospective cues (Marsh et al. 2003; Smith 2003; West et al. 2005 ) and that the presence or magnitude of the effect varies with the characteristics of the prospective component of the task (Marsh et al. 2003; Einstein et al. 2005; Cohen et al. 2008 ). An open question is whether the prospective interference effect arises from the recruitment of cognitive processes that are tonically activated over the course of task performance (West et al. 2005) or instead from the recruitment of cognitive processes that are engaged transiently during stimulus evaluation .
Results from studies using brain-imaging methods can reveal tonic activity associated with strategic monitoring. Studies using positron emission tomography (PET) or blocked fMRI have identified a network of regions associated with PM that includes lateral anterior prefrontal cortex (i.e., Brodmann area [BA] 10 or aPFC; Burgess et al. 2001 Burgess et al. , 2003 Burgess et al. , 2008 Simons et al. 2006) . In one study, anterior prefrontal cortex (aPFC) activity was observed during a PM task when no PM cues were presented, suggesting that PM engages processes dissociable from those associated with target detection and memory retrieval. However, due to the nature of blocked fMRI and PET designs, it has not been possible to determine whether the PM response reflects truly sustained processes, or instead a transient response that occurs on most trials. The current study used a mixed blocked/eventrelated fMRI design (Visscher et al. 2003 ) that permitted the isolation of brain regions that were responsive in either a transient or sustained fashion. This approach enables one to determine whether the addition of a PM component increases 1) sustained responses that span multiple trials (potentially reflecting strategic monitoring; West et al. 2005) , 2) transient responses associated with processes that occur within a trial (termed transient, ongoing) that may reflect item checking (Guynn 2003) , or both. Current conceptualizations of the processes underlying PM would suggest that both sustained and transient processes are associated with successful PM (Guynn 2003; Smith and Bayen 2005) .
The second question addressed in the current study concerns the specificity of neural responses related to PM: does a common neural network support the active maintenance of goal relevant information in WM and PM? Although current theories suggest that both sustained and transient processes support PM, they lead to somewhat different predictions related to the commonality of PM and WM. For example, Smith and Bayen (2005) suggest that strategic monitoring is positively correlated with WM capacity, leading to the suggestion that similar sustained processes may support PM and WM. In contrast, Guynn (2003) suggested that sustained processing in PM reflects a retrieval mode similar to that supporting controlled retrieval in episodic memory (Duzel et al. 1999; Lepage et al. 2000) . This latter account leads to the hypothesis that distinct processes may underlie sustained responses associated with PM and WM.
Existing behavioral findings are also somewhat mixed with regard to the similarity of PM and WM. Marsh and Hicks (1998) reported that increasing the rate at which participants needed to generate random numbers (presumably taxing control processes associated with WM) led to a reduction in PM.
Other data indicate that PM can be selectively disrupted when PM cues are embedded in task-switching paradigms that require continual updating of task context over time (Marsh, Hancock, et al. 2002; McNerney and West, forthcoming) . This finding suggests that the active maintenance or updating of task goals during ongoing task performance may compete for the same processes that support PM. Although these data suggest that control processes may be common across the two domains, decreased PM as a function of an increased demand on attention or WM capacity does not necessarily indicate that active maintenance in WM is the mediating factor. For example, it appears as though performance on one task frequently used to assess active maintenance (the N-Back task) is only weakly correlated with WM span measures thought to index controlled attention (Kane and Conway 2007) , suggesting that additional processes may be underlying performance in such complex WM span tasks. Further, a recent case study revealed impaired strategic monitoring across a number of PM tasks in an individual who demonstrated exemplary performance on a variety of WM tasks, suggesting a possible dissociation between the processes supporting PM and WM . A significant limitation of existing studies is that behavioral data provide only indirect evidence regarding whether the disruptive effects of increasing WM load during PM are due to competition between common processes. Neuroimaging data can provide direct evidence for the activation of common or distinct neural circuitry supporting PM and WM.
The final question addressed in the current study concerns the nature of processes underlying the detection of PM cues. Conceptual frameworks of PM have borrowed heavily from the recognition memory literature in describing the processes underlying the recognition of PM cues (Einstein and McDaniel 1996; Smith and Bayen 2005) . As an example, Einstein and McDaniel (1996; McDaniel and Einstein 2000) suggested that a process of ''discrepancy attribution'' supports the detection of a PM cue that should trigger the execution of a delayed intention. Specifically, the presentation of a PM cue elicits a discrepancy signal (i.e., that the cue is more or less familiar than expected) that prompts a search of long-term memory. This search of memory results in the intention being retrieved and realized. Data supporting these models lead to the suggestion that similar processes may contribute to target detection in PM and in other tasks. However, evidence from studies utilizing event-related brain potential (ERP) methods indicates that distinct processes may underlie the detection of PM cues and target stimuli. For instance, West and Wymbs (2004) found that the N2pc (a neural correlate of target selection) was elicited by target stimuli for the ongoing task and PM cues, whereas the N300 was elicited by PM cues but not by target stimuli. A similar pattern of data has been observed in a study where PM cues were embedded in a WM task. In that study, the execution of a delayed intention in response to a PM cue was again associated with the N300, whereas target recognition was associated with an increase in the amplitude of the N2 component (West et al. 2006) . Taken together, the results of studies utilizing ERPs lead to the suggestion that somewhat distinct processes may contribute to the detection of PM cues and target stimuli. In the current study, we sought to replicate and extend these results by capitalizing on the enhanced spatial resolution and localization potential of fMRI. Specifically, we examined the pattern of neural activity when a given stimulus served as either a PM cue or as a target stimulus in an oddball task. An oddball task was chosen as the appropriate control condition as it allowed us to match the frequency of the PM cues and the oddball targets. Thus, any variation in the neural response to PM cues and oddball targets cannot be attributed to differences in stimulus frequency or novelty.
The current study exploited the power of a hybrid blocked/ event-related fMRI design to provide a unique window into the neurocognitive processes underlying PM. We utilized a paradigm that operationalized event-based PM in a manner similar to most other experimental studies of PM wherein participants were required to monitor a stream of events for a lowfrequency PM cue that occurred within the context of a demanding ongoing task, but was irrelevant to performance of the ongoing task (Brandimonte et al. 2001; West et al. 2006; McDaniel and Einstein 2007) . Specifically, the PM cues were embedded in a N-back WM task, which allowed for the independent manipulation of WM load and the presence or absence of a delayed intention. The PM cues required a response that was distinct from ongoing task responses, and therefore could be behaviorally assessed for accuracy.
We were specifically interested in how the addition of a PM component influenced brain activity during performance of the N-back task. We contrasted the PM task condition with task conditions involving the manipulation of WM load or the detection of an infrequent target stimulus. To identify brain regions associated with WM, we compared high WM load conditions (NB-3Back) to low WM load conditions in the N-back task. Such load manipulations are known to produce reliable effects in a standard WM neural circuit Cohen et al. 1997; Owen et al. 2005) . To examine target detection processes, we used an oddball task that has been used previously to investigate the role of sustained attentional processes on target identification, in conjunction with ERP (Sutton et al. 1965; Duncan-Johnson and Donchin 1977) , and fMRI (McCarthy et al. 1997; Linden et al. 1999; Braver et al. 2001) methods. Brain regions associated with PM were identified by asking participants to detect infrequent PM cues while performing an ongoing N-back task (when performed simultaneously, the task will be referred to as the PM-1Back), and comparing the results to the performance of the ongoing task (NB-1Back) or the target detection task (oddball) in isolation. By manipulating WM load independently of PM demands, we were able to directly contrast responses in the neural circuits associated with WM and PM. By including the target detection task, we were able to directly contrast patterns of neural activation associated with infrequent target detection in a more general context with those that are associated with the presentation of a PM cue.
Methods

Participants
Eighteen right-handed participants with no evidence of neurological compromise participated in the study. Participants were 7 males and 11 females with a mean age of 21.8 years (range: 19--29 years). Participants gave informed consent as per guidelines set by the Washington University Medical Center Human Studies Committee and were paid $25 for each hour of participation.
Behavioral Tasks
Participants observed stimuli on a display and responded using a handheld response box. Three different tasks were performed, each involving sequences of visually presented colored words: an oddball detection task, a WM task, and a PM task (see Fig. 1 ).
In the oddball task, a target color was specified at the beginning of each block of trials, and participants were asked to respond with their left index finger when a word stimulus occurred in the target color, and with both the index and middle fingers on their right hand when a word stimulus occurred in any other color. A key feature of the oddball task was that the oddball targets occurred with low frequency (~10%). The use of low-frequency targets in a control task provided an important contrast to the low-frequency PM cues used in the PM task. It was important to include such a control, because target frequency plays a role in determining the cognitive processes engaged during task performance, and further, aPFC is sensitive to this variable (Rugg et al. 1996 (Rugg et al. , 1999 ).
In the WM task, participants performed a version of an N-back task Cohen et al. 1997 ) in which they determined whether the current stimulus matched the stimulus that occurred N trials previously. In order to manipulate WM load, N was manipulated across blocks (NB-1Back vs. NB-3Back). This manipulation of WM load influences both the importance of active maintenance processes as well as other processes such as updating, response selection, and interference resolution. A critical aspect of the design is that these processes have different temporal dynamics, and as such, differences in their time course can be informative as to their neural substrates . For example, the task requires that information be maintained across trials, and therefore, active maintenance should be reflected in sustained responses. However, interference resolution processes are inherently stimulus/response driven, and therefore transient. In the NB-1Back condition, participants responded with their right index finger (target response) if the current word was identical to the one immediately preceding it (i.e., one trial back), and responded with their right middle finger (nontarget response) if the current word was not identical. In the NB-3Back condition, the target was a word that was identical to the one presented three trials back. In the N-back conditions, target trials occurred on approximately 30% of trials to maintain consistency with prior N-back studies Cohen et al. 1997 ).
In the PM task (subsequently referred to as a PM N-Back), participants had to perform the oddball detection and WM tasks simultaneously. Participants were instructed to perform the N-back task (either 1-or 3-back; referred to as the ongoing task), unless a target color appeared, in which case they were to make a response with their left index finger. The requirement to be sensitive to the infrequent target colors while simultaneously performing an ongoing task produces a PM condition that is not present in either control condition; in either task in isolation, participants can simply focus on a given task without needing to be sensitive to additional, frequently irrelevant information (i.e., stimulus color in the N-Back or word identity in the oddball). Participant performance was poor in the PM3Back condition, suggesting that this condition altered the strategies participants selected. Therefore, only data from the PM-1Back condition is reported here.
Tasks were performed in blocks of 36 trials. Stimuli were pseudorandom sequences of concrete one-or two-syllable words, presented centrally. The stimuli could appear in one of five colors (blue, green, magenta, red, or yellow). The word list assigned to each task condition (oddball, N-back, PM-N back) was counterbalanced across participants. Each block consisted of approximately 10 N-back targets and 4 PM cues or oddball targets. At the beginning of each block of trials, participants were presented with instructions that indicated which level of WM load (IGNORE for oddball, 1-BACK, or 3-BACK), and which color was relevant (IGNORE for N-back, BLUE, GREEN, RED, or YELLOW). Following this instructional cue (5000-ms duration), the task began. Each word was on the screen for 2000 ms and was followed by a variable intertrial interval (ITI) (to enable event-related response estimation), jittered in steps of 2.5 s (minimum ITI 500 ms, with the number of jitters sampled from a geometric distribution with P = 0.6). Participants performed four repetitions of each of the 5 types of blocks.
Prior to the scanning session, participants were given instructions and practice for all tasks to be performed. During practice trials, the experimenter answered any further questions, validated that the instructions were understood, and ensured that the tasks were performed appropriately. Figure 1 . Task design. In the oddball task, an oddball target is defined as a word occurring in a color specified at the beginning of the current task block (in this case, any word appearing in red). Participants respond with their left index finger to these color cues, and with their right index and middle fingers to all other stimuli In the NB1Back task, a 1-Back target is defined as a word stimulus that has repeated from the previous trial. Participants respond with their right index finger to these stimuli, and with their right middle finger to all other stimuli. In the NB-3Back, a 3-Back target is defined as a word stimulus that is a repeat of the word three trials previously. Participants respond with their right index finger to these stimuli, and with their right middle finger to all other stimuli. In the PM-1Back task, participants respond with their left index finger to color cues, and they perform the NB-1Back task if the current stimulus is not a color cue.
Functional Imaging
Images were acquired on a Siemens 1.5 Tesla Vision System (Erlangen, Germany) with a standard circularly polarized head coil. A pillow and tape were used to minimize head movement. Headphones dampened scanner noise and enabled communication with participants. Both structural and functional images were acquired at each scan. Highresolution (1.25 3 1 3 1) structural images were acquired using a sagittal MP RAGE 3D T 1 -weighted sequence (time repetition [TR] = 9.7 mm, time echo [TE] = 4, flip = 12°, inversion time [TI]= 300 ms) (Mugler and Brookeman 1990) . Functional images were acquired using an asymmetric spin-echo echo-planar sequence (TR = 2500, TE = 50 ms, flip = 90°). Each image consisted of 16 contiguous, 8-mm thick axial slices acquired parallel to the anterior--posterior commissure plane (3.75 3 3.75 mm in-plane), allowing for complete brain coverage. Each run consisted of alternating cycles of fixation (A) and task (B) blocks in an ABABA design. The inclusion of fixation blocks was a feature of the scanning design that enabled on the decomposition of sustained and transient effects (Visscher et al. 2003) . Task blocks were 165 s long, whereas Fixation blocks (denoted by a centrally presented crosshair) were 37.5 s in duration. The first four images in each scanning run were discarded used to allow the scanner to stabilize. Each run lasted approximately 7.5 min, and a 2-min delay occurred between runs, during which time participants rested.
Visual stimuli were presented using PsyScope software (Cohen et al. 1993 ) running on an Apple PowerMac G4. Stimuli were projected onto a screen positioned at the head end of the bore with an AmPro LCD projector (model 150). Participants viewed the screen through a mirror attached to the head coil. A fiber-optic, light-sensitive key press interfaced with the PsyScope Button Box was used to record participants' behavioral performance.
Data Analysis
Behavior Behavioral data were analyzed to identify specific effects that could be attributed to increases in WM load or PM task demands. Therefore, target and nontarget trials from the NB-1Back condition were used as a baseline. We investigated WM load by comparing NB-1Back to NB-3Back [2 (WM load) 3 2 (trial type) repeated-measures ANOVA]. We investigated PM task demands by comparing NB-1Back to PM-1Back [2 (PM task demand) 3 2 (trial type) repeated-measures ANOVA]. Additionally, we performed a direct comparison between the high-load conditions [2 (NB-3Back vs. PM-1Back) 3 2 (trial type) repeated-measures ANOVA] in order to examine relative effects of task difficulty. The effects of PM task demands on target detection were investigated by comparing performance on PM cue trials during the PM-1Back to performance on oddball-targets during the oddball task (using a two-sample paired t-test). Because these two trial types were directly matched in stimulus parameters and task demands, any differential behavioral effects could be attributed to the addition of the ongoing task. Where appropriate, standard error (SE) and mean-squared error (MSE) are reported.
Imaging
Functional imaging data were preprocessed prior to statistical analysis according to the following procedures: 1) functional slices were temporally aligned to account for timing differences during acquisition; 2) corrected for movement using a rigid-body rotation and translation (Friston et al. 1996; Snyder 1996) ; 3) scaled to achieve a whole-brain mode value of 1000 for each scanning run; 4) registered to the participants' structural image following transformation of the structural image into the 711-2Y standardized atlas space (Talairach and Tournoux 1988; Ojemann et al. 1997; Buckner et al. 2004 ), using a 12-dimensional affine transformation (Woods et al. 1992 (Woods et al. , 1998 ; 5) spatially interpolated to create 3-mm isotropic voxels; and 6) spatially smoothed with a 9-mm FWHM Gaussian kernel.
A general linear model (GLM) approach (Friston, et al. 1995 ) was used to estimate parameter values for both sustained and event-related responses. Event-related effects were analyzed by estimating values for the various time points within the hemodynamic response epoch. The duration of this epoch was taken to be 20 s (8 scanning frames). Each trial type (targets, nontargets, and color targets) within each task was modeled with a separate set of 8 regressors. After estimating each time course of activity, the magnitude of each response was computed by cross-correlating each of the time courses with a contrast derived by convolving a boxcar function lasting 2.5 s with a standard hemodynamic response function. Sustained effects were estimated by including regressors modeling the difference between blocks of task and blocks of fixation (convolved with a standard Hemodynamic Response Function). Regressors of no interest to the current questions were included at the beginning and ending of each task block. These regressors were included to account for transition effects that are frequently seen within blocked fMRI experiments, as we did not want them to contribute to the detection of sustained responses (Konishi et al. 2001; Fox et al. 2005; Dosenbach et al. 2006) . Additionally, intercept and linear trend covariates were included for each blood oxygenation level--dependent (BOLD) run in order to eliminate mean differences and drift effects within each run. No additional high-pass filtering was performed, as it was likely that high-pass filtering would remove signal associated with the relatively low-frequency sustained effects, and based on simulation, noise with a 1/f distribution is unlikely to covary with sustained regressors (Visscher et al. 2003) . Errors were modeled as separate sets of regressors so transient responses reflected only responses to correct trials.
After computing these GLMs for each individual, random-effects group level analyses were performed on the parameter estimates. The group level statistical analysis involved the simultaneous application of multiple contrasts, where each thresholded contrast constitutes a mask, and voxels are identified via the intersection of all masks (Friston et al. 2005; Price and Friston 1997) . The inclusion of multiple contrasts (with each set at a relatively liberal threshold) helps to balance the trade-off between power and false-positive protection (i.e., Type II vs. Type I error). The idealized overall a rate for a set of conjunctions was kept constant across conjunctions at P < 0.001 (However, this is likely an underestimate of the actual a level, as each of the masks are not independent). In order for a region of interest (ROI) to be accepted as sensitive to the effect of interest, all voxels within the region were required to meet criterion in all tests (described below). Moreover, an ROI was considered significant only if it contained a cluster of 8 or more contiguous voxels, to increase false-positive protection (Forman et al. 1995; McAvoy et al. 2001) .
The set of contrasts used to identify processes involved in PM were employed to insure that there was positive activity during PM-1Back that was distinct from both the demands of the ongoing task (N-back) and the demands of color target detection (oddball). Conceptually, there may be at least two ways in which PM task demands may influence processing: 1) engaging sustained processes that are present across trials; or 2) engaging transient, ongoing processes that are stimulus locked. In order to identify these two potential neural correlates of PM performance, we performed two parallel analyses that identified either sustained or transient, ongoing changes in activation associated with PM. To identify sustained PM activation, each voxel had to meet the following criteria:
1. Significant sustained response in the PM-1Back relative to fixation 2. Significantly increased sustained response in the PM-1Back relative to NB-1Back 3. Significantly increased sustained response in the PM-1Back relative to the oddball task
To identify transient, ongoing PM activation, each voxel had to meet the following criteria:
1. Significant transient response to the target and nontarget trials in the PM-1Back relative to fixation 2. Significantly increased transient response to the target and nontarget trials in the PM-1Back relative to target and nontarget trials within the NB-1Back 3. Significantly increased transient response to nontarget trials in the PM-1Back relative to the nontarget trials within the oddball detection task
We also investigated the processes elicited by the presence of a PM cue in the PM task. The set of contrasts employed for this analysis insured that there was positive activity to PM cues in the PM-1back task, and that this activation was distinct from the both the activation present to ongoing (N-back target and nontarget) trials, and from equivalent low-frequency color target trials that occur within the context of the oddball task. To identify selective PM cue-related activation, each voxel had to meet the following criteria:
1. Significant transient response to PM cues in the PM task relative to fixation 2. Significantly increased transient response to PM cues relative to both nontarget and target trials within the PM-1Back task 3. Significantly increased transient response to PM cues in the PM task relative to low-frequency color targets within the oddball task 4. Significantly increased difference between the difference between PM cue and NB-nontargets within the PM-1Back task and the difference between oddball targets and nontargets within the oddball task (i.e., condition 3 trial-type interaction; ensures that the PM cue response is selective to the PM-1Back).
In addition to identifying ROIs associated with PM task demands, a parallel set of analyses was used to identify sustained or transient, ongoing ROIs associated with WM load. In that set of analyses, the NB3Back was the experimental condition parallel to the PM-1Back condition in the above contrasts. We conducted an overlap analysis to identify those voxels demonstrating WM load effects in the PM analyses, and vice versa. Thus, we attempted to identify 6 networks: 2 networks demonstrating either sustained or transient, ongoing responses to PM task demands but not WM load, 2 networks demonstrating either sustained or transient, ongoing responses to WM load but not PM, and 2 networks demonstrating either sustained or transient, ongoing responses to both PM and WM load.
ROIs identified through these procedures were then subjected to one further constraint; this constraint validated that all effects tested in the voxel-wise conjunction analysis were statistically significant (P < 0.05) at the ROI level. All reported results correspond to the effects identified at the level of the ROI, and all regions described below passed this test. For ROI analyses , data are expressed in terms of mean percent signal change relative to the fixation trials within a task block.
Interactive Effects within aPFC ROIs Sensitive to PM Task Demands Ramnani and Owen (2004) suggested that a strong test of the hypothesis that aPFC is involved in managing multiple task goals is to determine whether it actually demonstrates a significant overadditive interaction as a function of conjoining multiple task demands. The current design allows for the investigation of such an interaction. If the two demands are conceptualized as two dimensions, one dimension corresponding to target detection processes required by the oddball task relative to fixation, and the other dimension corresponding to WM processes required by the NB-1Back task relative to fixation, then the interaction of these two processes is expressed as:
Because all hemodynamic responses are estimated relative to fixation, the fixation term becomes 0, and the estimate of the interaction becomes:
Thus, any ROIs demonstrating a pattern in which its response in the PM-1Back condition statistically exceeds the sum of its responses in the NB-1Back and oddball conditions would demonstrate the requisite interaction. This contrast was therefore tested within each of the ROIs identified as being sensitive to PM task demands.
Statistical Dissociation of Regions Sensitive to WM and PM Task Demands
To investigate whether the functional contributions of the ROIs associated with PM were statistically dissociable from the effects of WM load, the pattern of activity in each of the sustained PM ROIs was statistically compared with that seen in a right dorsolateral PFC (DL-PFC) ROI identified as being sensitive to WM load (also in terms of sustained response). The right DL-PFC ROI was selected as representative of the canonical WM load effect, as the responses of this region have been replicated across several previous experiments, and it is often considered to be a core region associated with active maintenance of task-goal information during WM Cohen et al. 1997; Owen et al. 2005) . The presence of a difference between patterns of activity across ROIs would increase the ability to interpret the role of ROIs associated with WM and PM. In order to perform this analysis, the mean sustained responses for the DL-PFC ROI were compared with the sustained responses in each PM ROI with a repeated-measures ANOVA with condition (NB-1Back, NB-3Back, and PM-1Back) and region (PM ROI, DL-PFC ROI) as factors of interest.
Brain--Behavior Relationships
A final analysis was used to test for a significant association between the activity pattern in a given ROI and between-subject variation in task performance. This analysis was a two-stage process, in which zeroorder correlations were first investigated in order to determine whether identified ROIs demonstrated a relationship between their responses and behavior (e.g., ROIs associated with PM task demands were correlated with performance on trials during the PM condition). If a significant correlation was found, a second stage analysis was conducted that tested whether the zero-order correlation was selective for that particular condition. In order to determine whether the effect was selective, the relationship between RT and BOLD response in the PM-1Back condition was compared directly to the relationship between RT and BOLD response in the NB-1Back condition using the Z-Based Pearson-Filon (ZPF) statistic (Raghunathan et al. 1996 , threshold: ZPF = 1.65, P < 0.05). A statistically reliable difference between the two correlations indicated selectivity. Similarly, in order to determine whether an effect was selective for PM cues, the relationship between RT and BOLD response in the PM-1Back condition was compared directly to the relationship between RT and BOLD response in the oddball condition using the same ZPF statistic.
An outlier analysis was performed in order to identify those observations whose distance from the closest quartile was more than 3 times the interquartile range (this is a conservative application of box-and-whisker plots; Chambers et al. 1983) or had a relative large amount of influence in determining the relationship between RT and % signal change (scaled leverage values > 1.96). Three participants were identified as contributing observations that were consistently deviant from the rest of the population and were removed from the brain--behavior analyses. Thus, analyses regarding the brain--behavior relationships for the PM-1Back task are reported for the remaining 15 participants. The same analyses were also conducted with regard to brain--behavior effects related to WM load. Due to space constraints, these analyses are reported in Supplementary Materials.
Results
Behavior PM task demands had a clear impact on performance, replicating previous findings of a prospective interference effect. The addition of the PM component slowed RT for Nback targets and nontargets by 92 ms on average, F 1,17 = 54.6, P < 0.001, MSE = 2790. This slowing did not differ significantly between nontargets and targets (104 ms increase on nontargets, 80 ms increase on targets; 2-way interaction: F 1,17 = 1.7, P = 0.2, MSE = 1563). In contrast, error rates on N-back targets and nontargets were not influenced by the addition of the PM component (0.8% decrease across both trial types; nonsignificant main effect and interaction: F 1,17 < 1, MSE < 0.001). The effect on RT suggests that the addition of PM task demands led to the recruitment of cognitive operations that influenced the ongoing processing of N-back task stimuli.
Increasing WM load in the N-back task also impacted behavioral performance. Comparing performance in the 3-back and 1-back conditions revealed an increase in error rates for both nontarget and target trials (8.6 % increase across both trial types; F 1,17 = 53.3, P < 0.001, MSE = 0.003; see Fig. 2 ). N-back load interacted with trial type (F 1,17 = 10.5, P = 0.005, MSE = 0.002) with the effect of WM load being greater for target trials (12.2%) than for nontarget trials (5.0%). An increase in WM load also slowed RT to both trial types (224 ms increase across both trial types; F 1,17 = 96.5, p < 0.001, MSE = 9363), but unlike the error rates, did not differentially affect targets (204 ms increase on nontargets, 243 ms increase on targets; load by trial interaction: F 1,17 = 1.0, MSE = 6978). The effect of WM load on both errors and RTs demonstrates that the manipulation was successful: the NB-3Back condition was more demanding than the NB-1Back condition. Furthermore, the increased error rates associated with WM load, but not PM task demands, suggest that different processes may contribute to these two effects.
A direct comparison of the two high-load conditions (PM1Back vs. NB-3Back) revealed that greater error rates and increased RTs were observed in NB-3Back condition (9.4% increase in error rates across trial types; F 1,17 = 38.6, P < 0.001, MSE = 0.002; 132 ms average increase in RT across trial types; F 1,17 = 23.9, P < 0.001, MSE = 13125). As such, performance was faster and more accurate in the PM-1Back than the NB-3Back, and consequently, difficulty confounds do not pose a problem when interpreting regions where activity is greater for the PM task than the NB task.
Analysis of error rates for PM cues in the PM-1Back relative to targets in the oddball task revealed a nonsignificant difference between the two conditions (2% increase in PM vs. oddball; t(17) = 0.96, P = 0.35, SE = 0.02). In contrast, participants were slower to identify PM cues than oddball targets (98 ms increase; t(17) = 4.4, P < 0.001, SE = 22). This difference in RT indicates that the presence of an additional ongoing task in the PM condition slowed target detection.
Imaging
Sustained Responses to PM Task Demands
Ten ROIs demonstrated a sustained increase in activity associated with PM task demands that were not activated in relation to WM load. This network included bilateral regions of aPFC (BA 10), more posterior regions of PFC, anterior cingulate cortex, and bilateral parietal cortex (see Figs 3 and 4 and Table 1 ).
Sustained Responses to WM Load
Five ROIs demonstrated an increased sustained response associated with WM load that were not activated in relation to PM task demands. This network included regions within right DL-PFC, the cerebellum, and right parietal cortex (see Figs 3 and 4 and Table 1 ). Further interrogation of the region in R DL-PFC revealed that it contained two peaks of activation. Separate ROIs around each peak were created to determine whether the two ROIs demonstrated different patterns of responses (see Table 1 ). The two ROIs exhibited very similar responses, and a direct comparison between the two ROIs revealed that there was neither a main nor an interactive effect of ROI on the BOLD response (both F < 1). Because there were no differences between the smaller ROIs, the larger ROI was retained for further analysis in order to reduce noise in the parameter estimates. Table 1 ).
Sustained Effects of WM and PM
Transient, Ongoing Responses during PM
No ROIs demonstrated a selective transient response to ongoing trials (N-back targets and nontargets) during the PM1Back. This finding indicates that it is unlikely that individuals were engaged in item checking (Guynn 2003) .
Transient Responses to Increased WM Load
Seventeen ROIs demonstrated a selective increased transient, ongoing response for the NB-3Back condition relative to the NB-1Back condition. This widespread and diffuse network included large regions of activation within left posterior PFC, the striatum, the anterior cingulate cortex, and bilateral extrastriate cortex (see Table 2 and Figs 3 and 4) .
Transient, Ongoing Responses to Increases in WM Load and PM Demands
No ROIs demonstrated an increased transient, ongoing response to both WM load and PM task demands.
PM Cue Effects
One ROI in the right middle temporal gyrus demonstrated a selective transient response to PM cues (see Table 3 and 5 ). This response was greater on PM cues occurring in the PM-1Back condition than both equivalent target events in the oddball condition and N-back targets in the PM-1Back condition. This suggests that the responses to the PM cues are distinct, and not attributable to low-frequency color stimuli or other target events.
Interactive Effects within aPFC ROIs Sensitive to PM Task Demands Both aPFC ROIs displaying significant sustained responses to PM task demands also demonstrated a greater response when testing for the presence of an overadditive interaction including the WM and oddball conditions (left aPFC: t(17) = 2.7, P = 0.008; Right aPFC: t(17) = 2.35, P = 0.02). Only two of the ROIs that were sensitive to PM task demands in a sustained fashion did not demonstrate a significant interaction contrast, and both approached significance (L pDL-PFC: t(17) = 1.69, P = 0.055; anterior cingulate cortex [ACC]: t(17) = 1.64, P = 0.06, one-tailed).
Dissociable Effects of WM load and PM Task Demands
The patterns of sustained responses within aPFC and DL-PFC were directly compared using an ANOVA with region and condition as factors. The right aPFC ROI was found to be statistically dissociable from right DL-PFC (region 3 condition interaction; F 2,34 = 6.08, P = 0.006), whereas the dissociation within L aPFC approached significance (F 2,34 = 2.95, P = 0.066). Focused contrasts revealed that this effect was due to differential responses in the NB-3Back and PM-1Back blocks across regions (F 1,17 = 7.9, P = 0.012). Specifically, R DL-PFC demonstrated an increased response in the NB-3Back condition relative to the PM-1Back condition (t(17) = 2.08, P = 0.026, onetailed), whereas R aPFC demonstrated an increased response in the PM-1Back condition relative to the NB-3Back condition (t(17) = 1.83, P = 0.043, one-tailed). One potential concern is that the NB-3Back condition is more difficult than the PM1Back condition, and as such, the increased response within R DL-PFC may be attributable to a confound of task difficulty. However, this potential explanation cannot account for the increased response for the PM condition in R aPFC. Given that Note: Statistics in columns 7À12 reflect t-statistics for each direct comparison, whereas the last column reflects the F statistic reflecting the ROI 3 condition interaction. Parentheses next to a region name indicate a label for an illustrated ROI in Figures 3 and 4 . Abbreviations: L 5 left; R 5 right; Ant 5 anterior; Inf. 5 inferior; Lat. 5 lateral; Post. 5 posterior; Sup. 5 superior. ***P \ 0.001, **P \ 0.01, *P \ 0.05, R DL-PFC shows monotonic effects of WM load in the N-Back task , it is likely that a similar result would have been obtained even if a more subtle manipulation of WM load had been employed (e.g., using the NB-2Back rather than NB-3Back). This dissociation suggests that the increase in sustained activation during PM conditions cannot be easily interpreted as being due to the same active maintenance processes that occur with increases in WM load.
Five additional PM ROIs were also dissociated from right DL-PFC (see Table 1 ). Consistent with Cohen et al. 1997 , only R DL-PFC was activated in a sustained fashion to WM, whereas distinct bilateral areas of DL-PFC and aPFC responded to PM. Three areas showing sustained PM effects did not dissociate from R DL-PFC (at P < 0.10): ACC and bilateral inferior parietal cortex. Interestingly, these are regions that have typically been found to be sensitive to WM load in prior studies Owen et al. 2005) . We provide a possible interpretation of this issue in the Discussion section.
Brain--Behavior Relationships in the PM Task Three ROIs demonstrating sustained responses to PM task demands also demonstrated significant negative zero-order correlations between the sustained response within the PM1Back task and RT on trials within that task (no ROIs demonstrated positive correlations with RT). Two ROIs (left lateral parietal cortex and left aPFC) demonstrated a significant negative correlation between the sustained response within the PM-1Back condition and RT on nontarget trials (left parietal: r = -0.50, P = 0.03; left aPFC r = -0.47, P = 0.035, one-tailed). This effect was not selective in the parietal ROI, as a similar relationship (albeit nonsignificant) also existed in the NB-1Back task (non significant ZPF; left parietal: ZPF = 0.55, P = 0.58). However, this effect was selective to the PM condition within left aPFC (ZPF = 2.14, P = 0.015). In R aPFC, a correlation between sustained activity and RT on PM cue trials was observed, such that greater sustained activity was associated with faster responses to PM cues (r = -0.71, P < 0.001; left aPFC also demonstrated a similar relationship: r = -0.50, P = 0.03). In both left and right aPFC, this relationship was selective to the PM task, as increased sustained responses in the oddball task tended to be associated with slowed RT on color target trials (see Fig. 6 ; ZPF for left aPFC = 1.75, P = 0.04; ZPF for right aPFC = 2.45, P = 0.005). This indicates that for the exact same stimuli and responses (i.e., target button presses made to lowfrequency color targets), aPFC activation levels only predicted performance when these stimuli served as PM cues. Two areas were identified as demonstrating significant positive correlations between their sustained activity and error rates on target trials (ACC: r = 0.50, P = 0.05; L pDL-PFC: r = 0.62, P = 0.005). Note: Statistics in the last 5 columns reflect t-statistics for each direct comparison. Abbreviations: R 5 right; Temp. 5 temporal. ***P \ 0.001, **P \ 0.01, *P \ 0.05. Figure 5 . Pattern of response in a region of right middle temporal cortex. Each line represents the estimated time course within each condition, with symbols representing task (no symbol: oddball task, diamond: PM-1Back) and line style representing trial type (dotted: nontargets, dashed: NB targets, solid: color targets/ PM cues). This region shows a selectively increased response to PM cues in the context of a PM task (see Table 3 ). Figure 6 . Pattern of responses to PM and WM load within R. aPFC and R. DL-PFC. These areas were statistically dissociable F 2,34 5 6.08, P 5 0.006, indicating that the two different regions were associated with different aspects of each task. Focused contrasts revealed that this effect was due to differential responses to NB-3Back and PM-1Back blocks across regions (F 1,17 5 7.9, P 5 0.012). Specifically, R DL-PFC demonstrated an increased response in the NB-3Back condition relative to the PM1Back condition (t(17) 5 2.08, P 5 0.026, one-tailed), whereas R aPFC demonstrated an increased response in the PM-1Back condition relative to the NB3Back condition (t(17) 5 1.83, P 5 0.043, one-tailed).
This relationship was consistent across tasks within the ACC (ZPF = 0.2), but was selective for the area of L pDL-PFC (ZPF = 2.07, P = 0.02). Further supporting the dissociation between the WM and PM brain networks, some of the regions selectively sensitive to WM load (e.g., inferior PFC) demonstrated relationships with behavioral performance selectively during the high WM load N-back condition (e.g., NB-3back). These results are presented in detail within the supplementary materials section.
Discussion
The goal of the current study was to investigate three questions regarding the functional neuroanatomy of PM: 1) Is PM supported by processes that are associated with sustained or transient neural recruitment? 2) Do common or distinct processes support sustained processing in PM and WM? and 3) Do common or distinct processes support target detection in PM and sustained attention tasks? The key finding of the study was that PM task demands and WM load were associated with sustained activity in statistically dissociable networks. Specifically, PM was associated with sustained activity in a network that included bilateral aPFC, whereas WM was associated with activation in a network that included DL-PFC. These data extend previous findings that have identified activation within aPFC during a PM task (Burgess et al. 2001) by demonstrating that the recruitment of aPFC was sustained over trials, and further, is distinct from activation related to active maintenance in WM and sustained attention. This set of data addresses the first two questions of interest and provide direct evidence regarding the nature of cognitive processing supporting PM. Specifically, the data indicate that PM elicits sustained neural responses that can be distinguished from sustained responses associated with variation in WM load. Very little existing data speaks to whether PM and WM are dissociable processes , and as such, these data are valuable in developing constraints on understanding the control processes underlying PM. Our data suggest that the behavioral costs associated with manipulations such as embedding dual-task or task-switching paradigms within a PM task are not due to simple increases in WM maintenance demands, but may be due to other aspects of the task, such as the increased need to monitor the environment for taskupdating signals (Marsh and Hicks 1998; Marsh, Hancock, et al. 2002; McNerney and West, forthcoming) . This serves as a key result in the development of our understanding of the mechanisms underlying PM. The current study also reveals a number of additional novel results. First, the sustained responses observed in left and right aPFC were selectively associated with RT for responses to PM cues within the PM task. Sustained activity within these regions was not correlated with RT for target detection in the oddball task. These data suggest that aPFC supports a sustained process that may serve to maintain an intention in an accessible state, but only under conditions for which the focus of attention is diverted elsewhere (i.e., toward the performance of a separate ongoing task). Under standard conditions in which task-related intentions can be held within the focus of attention, the aPFC might not be playing such a critical role in guiding behavior. Thus, these results are consistent with the idea that the aPFC helps to enable ''cognitive branching''-the ability to defer task goals or intentions during a period while a primary task or subgoal is carried out (Koechlin et al. 1999; Braver and Bongiolatti 2002; Koechlin and Hyafil 2007; Koechlin and Summerfield 2007; Reynolds et al. 2006) . Second, transient responses in right temporal cortex were selectively associated with the presentation of PM cues. This response to PM cues was selective in that it did not occur to targets within the ongoing task, or when there was no additional ongoing task to be performed (i.e., in the context of the oddball task). As such, this serves to address our third primary question of interest. These data suggest that right temporal cortex ROI was uniquely associated with target detection within the context of PM, and therefore, provide additional support for the hypothesis that unique target detection processes are recruited during the performance of PM tasks (West and Wymbs 2004; West et al. 2006) .
The Role of aPFC in PM Several previous studies have implicated aPFC in the performance of PM tasks (Burgess et al. 2001 (Burgess et al. , 2003 Simons et al. 2006) . However, the current study is the first to demonstrate 1) that the responses within aPFC are sustained across multiple trials, and 2) that this sustained response is associated with the efficiency of PM. Further, the current data demonstrate that the response to PM task demands in aPFC reflects an overadditive interaction between the two components that make up the PM task. As such, these data meet the stringent criteria posed by Ramnani and Owen (2004) for the identification and characterization of aPFC responses, and provide additional constraints in the interpretation of the role played by aPFC in higher cognition. Burgess et al. (2001) suggest that there are at least three possible functions that could account for the recruitment of aPFC under conditions in which a PM cue is expected, regardless of whether a PM cue is encountered. Specifically, they suggest that aPFC activity might reflect a transient, ongoing process that serves to match the current stimulus against a stored internal template of the PM cue, or instead a sustained process that is involved in actively maintaining the Figure 7 . Correlations between sustained activity and RT to color cues in the PM1Back and oddball conditions for the ROI in right aPFC (after controlling for outliers). The correlation was significant in the PM-1Back task (r 5 À0.71, P 5 0.003), but not in the oddball task (r 5 0.14, P 5 0.62). There was a significant difference between the correlations in the two conditions (ZPF 5 À2.45, P 5 0.007). Lines correspond to the least-squares regression line for each condition.
PM cue template across trials (so that efficient matching operations can be carried out with each encountered stimulus), or third, that aPFC activity enables a ''more abstract cognitive operation such as the constraint of search possibilities. . .'' (Burgess et al. 2001; p. 552) . The results of the current study are at odds with the first two explanations, as the aPFC responses in the current study were clearly sustained rather than being locked to each stimulus presentation, and further, these sustained responses were dissociated from sustained responses associated with WM load. As such, this leaves the ''more abstract cognitive operation'' as a potential function of aPFC. In recent work, Burgess and colleagues have provided a specific suggestion-termed the ''gateway hypothesis''-of an abstract cognitive operation that might be performed by aPFC during PM tasks (Burgess et al. 2005) . According to this account, medial and lateral aPFC compete to direct attentional resources toward either external stimuli (medial aPFC) or internal representations (i.e., maintained intentions). However it is unclear whether the gateway hypothesis can explain either the dissociation between aPFC and DL-PFC or the task-selective brain--behavior relationships observed in aPFC.
The current data impose two further constraints on theorizing regarding aPFC function. First, the attention directed toward stored intentions appears to be sustained across ITIs and not just instantiated at trial onsets. Second, the activation of aPFC has a direct, beneficial effect on PM. One could imagine that aPFC is not only attending to, but also selecting between multiple internal representations relevant to task performance: one of which is associated with the mappings needed to perform the N-Back task, and one of which is associated with the mappings needed to perform the appropriate response on the infrequent PM cues. To the extent that participants need to manage these multiple internal states, aPFC may be recruited. Likewise, to the extent that aPFC is able to select the relatively infrequently used representation associated with the PM cues (and maintain such a selection), participants should be able to respond more quickly when a PM cue arrives. This ability to select a higher-order, less frequent internal context representation could be conceptualized as a monitoring process that is particularly relevant during multitasking situations in which one must rapidly (although not necessarily frequently) switch the task that is being performed in response to an environmental cue (Pollmann 2001; Braver et al. 2003) .
Our characterization of aPFC function suggests that this region will be engaged during a range of multitasking and PM situations. For example, in time-based PM paradigms, the PM response must be executed at a specific time (e.g., every 30 s) rather than in response to specific events. In one recent neuroimaging study of this paradigm, left lateral aPFC was identified (Okuda et al. 2007) . Although this study did not decompose sustained and transient processes, it is likely that the aPFC response may reflect sustained processing similar to that identified in the current study. However, it should be noted that aPFC may not be recruited in all PM tasks. Specifically, there are several task dimensions that enable participants to spontaneously retrieve the appropriate intentions when they encounter a PM cue (McDaniel and Einstein 2000; Einstein et al. 2005) . Specifically, monitoring costs can be reduced if PM cues are focal in the sense that their processing is encouraged by the ongoing task, if there is a strong association between the PM cue and its associated action, if there is a single PM cue rather than a set of cues, and if the importance of the PM task performance is de-emphasized relative to the importance of performance of the ongoing task. The current study used a set of nonfocal cues (any word appearing in the designated color was a cue, but word color could be ignored in the ongoing task), and therefore, the task had relatively large monitoring demands. As such, the current study's relatively large monitoring demand could account for the ubiquity of sustained effects identified in the current study, and the relative lack of transient, ongoing effects identified in the context of PM task demands. Further study will be needed to determine whether similar responses would be identified as a function of these other variables thought to influence monitoring demands.
Transient Processing of PM Cues
The current study is one of the first studies using fMRI to identify selective areas that are uniquely activated by PM cues solely in the context of a PM task. The ROI identified along the middle temporal gyrus is near areas previously identified as important for the processing of novel stimuli and targets during target detection tasks (Kiehl et al. 2001) . Interestingly, this previous task was not a simple oddball task. Rather, within their target-detection task, there are potentially conflicting sources of information in determining the appropriate response following the presentation of an infrequent stimulus (i.e., there are novel nontargets). In this manner, the task used by Kiehl et al more closely parallels the PM condition in which there are multiple contributing factors to the execution of a response other than nontarget (e.g., participants can either produce a WM target response or a PM cue response). Because this ROI demonstrated increased activity to PM cues relative to oddball targets (which have only a single potential response to a novel stimulus), it is likely that this ROI is involved in selecting one of several actions in response to an infrequent stimulus.
WM Load in the Context of the Current Study
The experimental components involving manipulation of WM load provide intrinsically informative and interesting results. The current study investigated which areas demonstrate sustained and transient effects associated with WM load. In a task such as the N-back, active maintenance of goal relevant information occurs between trials, because each new stimulus requires a target decision and requires the updating of WM contents. Thus, similar to the design used by Cohen et al. (1997) , brain regions involved in active maintenance processes can be identified via the sustained activation component of the GLM. In contrast, brain regions involved in stimulus-locked processes such as encoding, response selection, and matching can be identified in the transient component of the GLM. As such, the current experiment served to conceptually replicate the effects of WM load in an N-Back task.
This replication was successful; one network including regions of right DL-PFC, bilateral parietal cortex, and the cerebellum was associated with increased sustained responses in the NB-3Back condition relative to the NB-1Back condition. Further, these responses were behaviorally relevant, as participants with increased sustained activity tended to respond more quickly on N-back trials (see Supplementary  Materials) . As in previous studies Cohen et al. 1997) , these responses are interpreted as reflecting the active maintenance of information in WM. Likewise, a network consisting primarily of ROIs within sensorimotor brain regions and inferior PFC demonstrated increased transient, ongoing responses to greater WM load . Similar to previous studies, these responses are interpreted as reflecting updating and decision processes. These results validate the mixed blocked/event-related design as a means of tapping into task-relevant WM processes, and therefore may be a unique tool to investigate active maintenance processes in the future.
Relationship between WM and PM Interestingly, there was very little overlap in the patterns of responses identified by the WM and PM manipulations. The lack of overlap appears to be due, at least in part, to the decomposition of sustained and transient responses. In particular, some of the ROIs identified as demonstrating sustained responses in the PM task are typically associated with WM load (e.g., bilateral inferior parietal cortex, left inferior PFC, and ACC: Rypma et al. 1999; Owen et al. 2005; Xu and Chun 2006) . In each of these ROIs, task selectivity is due to the fact that these areas demonstrate sustained responses in the PM task, whereas they demonstrate transient responses in the WM task. A blocked design would not be able to distinguish between these different dynamics, and as such, would consider them sensitive to both manipulations. This is one key benefit that the current hybrid blocked/event-related design allows: Although these regions are recruited in both tasks, their temporal dynamics, and thus their functional contribution, appear to be taskdependent and selective. We suggest that, in contrast to aPFC, these regions might be involved in processes that are engaged by both WM and PM demands, but just more strongly (or in a qualitatively different fashion) by PM demands. For example, ACC is commonly associated with transient response conflict (Botvinick et al. 2001) , and it was the case that increased WM load did lead to an increase in the transient response of this region (see Table 2 , Fig. 3 ). It may have been the case that the PM-1Back task produced an increase in ''task-set'' conflict (between the N-back and PM task sets) that may have engaged this region in a more sustained fashion, consistent with prior data from task switching (Braver et al. 2003) .
Relationship to Prospective Codes within WM
In previous research, prospective processes have been identified in the context of simple delayed response tasks (Rainer et al. 1999; Curtis et al. 2004; Curtis and D'Esposito 2006) . Although the current PM task and previous delayed response tasks share the property that participants may attempt to plan some intended action for the future, they differ in large degree. Namely, in the delayed response tasks used to examine prospective coding in WM, the onset of the target stimuli occurs at a predictable interval after the presentation of a cue, there is no demand to divert attention to other task demands during the delay interval, and participants are always required to execute a response based on information that is being actively maintained in WM. As such, in delayed response paradigms the contents of WM can serve as a top-down bias on prospective action plans. In contrast, in the current study (and PM studies more generally) very different conditions were present during the PM task condition. Participants were unaware, prior to stimulus presentation, whether the upcoming stimulus would be a PM cue or whether it would require an ongoing task (N-back) response. This uncertainty (along with the relative infrequency of PM cues) makes the prospective preparation of a delayed motor plan unlikely. To further mitigate the likelihood of using prospective action plans in the same sense used by previous researchers, the contents and processes associated with the online WM task potentially interfere with those processes required to perform PM (i.e., participants must temporarily stop performing the WM task in order to respond appropriately to presented PM cues). As such, these task differences likely reflect the different neural circuits involved, with more posterior and superior areas of PFC involved in prospective coding in WM as measured by delayed response tasks, and more anterior areas of PFC involved in PM where individuals must maintain access to a task-related intention, but in a form that it does not interfere with performance of the ongoing task.
Conclusions
Despite the ubiquity and importance of PM in daily life, there has been limited investigation of the neural mechanisms that support this form of memory. The current study provides a novel window into the processes involved in successful PM. Specifically, the results demonstrate that, at least in certain task contexts, PM may depend upon sustained activation of aPFC. Further, by replicating previous data regarding the effects of increasing WM load, the current study demonstrates that PM demands are qualitatively distinct from WM demands, and engage a distinct set of brain regions (e.g., aPFC vs. DLPFC). In addition to invoking sustained activation within aPFC and other regions, PM was also associated with a distinct pattern of transient activation within temporal cortex during the presentation of PM cues. This region may be triggered by the detection of salient features of the cue, and may facilitate the reorienting of attentional resources away from the ongoing activity and toward realizing the delayed intention. In sum, within this paradigm successful PM appears to be related to the engagement of primarily sustained, top-down processes supported by aPFC and additional transient, stimulus-driven processes that are recruited when a PM cue is encountered.
